Purpose Temporary and reversible downregulation of metabolism may improve the survival of tissues exposed to nonphysiological conditions during transport, in vitro culture, and cryopreservation. The objectives of the study were to (1) optimize the concentration and duration of carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP-a mitochondrial uncoupling agent) exposures for biopsies of domestic cat ovarian tissue and (2) examine the effects of FCCP preexposures on follicle integrity after tissue culture and/or cryopreservation. Methods Biopsies of cat ovarian tissue were first treated with various concentrations of FCCP (0, 10, 40, or 200 nM) for 10 or 120 min to determine the most suitable pre-exposure conditions. Based on these results, tissues were pre-exposed to 200 nM FCCP for 120 min for the subsequent studies on culture and cryopreservation. In all experiments and for each treatment group, tissue activity and integrity were measured by mitochondrial membrane potential (relative optical density of rhodamine 123 fluorescence), follicular viability (calcein assay), follicular morphology (histology), granulosa cell proliferation (Ki-67 immunostaining), and follicular density.
Introduction
Ovarian tissue cryopreservation is a critical approach to ensure the fertility preservation in animal models as well as in human Capsule Uncoupling the oxidative phosphorylation of the domestic cat ovarian tissue with carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) is beneficial to the viability and morphology of follicles during ovarian tissue culture. However, tissue pre-exposure to FCCP does not have a protective or detrimental effect during cryopreservation.
patients undergoing chemotherapy or radiotherapy for cancer treatment [1, 2] . These options also are particularly interesting in endangered species conservation to bank ovarian tissue containing an abundant amount of preantral and primordial follicles for individuals undergoing surgical ovarian removal or dying unexpectedly [2] [3] [4] . In this type of studies, the domestic cat represents an excellent biomedical model for nondomestic cats and human [3, 5, 6] . In association with the freezing techniques, culture of the ovarian tissue in vitro is a fundamental approach to reanimate the tissue and grow more oocytes to an advanced stage [5, 7, 8] . However, there may be several hours between the ovarian tissue collection and the cryopreservation process itself which compromises (through ischemia and oxidative stress) the viability and developmental competence of the germ cells within the gonads [3, 9, 10] . During this critical period, cellular respiration in mitochondria is still occurring despite the ischemic environment [10] [11] [12] . Thus, reversibly reducing the metabolic activity of the cells (by using a metabolic disrupting agent) is an interesting option for protecting and prolonging the tissue integrity. In addition, some studies have demonstrated that the cell survival can be increased during and after cryopreservation in mouse, rat, and human cells by using metabolic quiescence agent [13] [14] [15] . Mitochondrion is a key organelle of the cell essential for the survival and proliferation of cells due to the role in electron transport chain in aerobic cellular respiration. Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), is a commonly used proton ionophore as a mitochondrial oxidative phosphorylation inhibitor. It is an uncoupling agent disturbing the process of ATP synthesis by transporting hydrogen ions through a mitochondrial membrane [14] . For instance, incubation with low dosage of FCCP to modify the mitochondrial membrane potential prior to a stress has already been shown to be beneficial on human neuronal cell viability [15] . However, no reports on that strategy are available on the domestic cat ovarian tissue. Our recent cryopreservation studies on that type of biomaterials used classical indicators of tissue integrity and demonstrated that, despite encouraging results, a lot remained to be understood and improved [16] . The objective of the present study therefore was to investigate the effects of FCCP pre-exposure on follicle integrity after tissue culture and on follicle integrity after short-term culture followed by cryopreservation.
Materials and methods

Chemicals
All chemicals and reagents were purchased from Sigma Chemical Company (St. Louis, MO, USA), unless otherwise stated.
Collection of ovarian tissue
Ovaries were obtained from domestic cats (8 weeks to 2 years old) after routine ovariohysterectomy at local veterinary clinics and transported in phosphate-buffered solution at 4°C to the laboratory within 12 h of excision. Ovarian cortical fragments were removed from the outermost part of the ovaries by using surgical blades and curved scissors [16] . Large antral follicles (diameter > 1 mm) and luteal tissue areas were excluded. Cortical tissues were cut into small fragments in the area of 1 × 1 mm 2 and approximately 200 μm thickness in a holding medium consisting of Eagle's MEM supplemented with 2 mM L-glutamine, 10 μg/mL insulin, 5.5 μg/mL transferrin, 5.0 μg/mL sodium selenite, 0.3 % (w/v) bovine serum albumin (BSA), 10 mM HEPES, 100 μg/mL penicillin G sodium, and 100 μg/mL streptomycin sulfate.
Ovarian tissue culture
Ovarian tissue culture was performed as previously reported [17] . Briefly, ovarian cortical fragments were transferred into 4-well cell culture plates (Nunc, Roskilde, Denmark) containing a cube hexahedron of 1.5 % agarose gel (Bio-Rad, Hercules, CA, USA) sized approximately 7 × 7 × 7 mm 3 soaked in a culture medium incubated at 38.5°C in 5 % CO 2 in humidified air. The culture medium was Eagle's MEM supplemented with 5.5 μg/mL insulin, 5.5 μg/mL transferrin, 6.7 ng/mL selenium, 2 mM L-glutamine, 100 μg/ mL penicillin G sodium, 100 μg/mL streptomycin sulfate, 0.05 mM ascorbic acid, 10 ng/mL porcine FSH (Folltropin-V, Bioniche Animal Health, Belleville, Canada), and 0.1 % (w/v) polyvinyl alcohol. Half of the volume of culture media was changed every 48 h until the day of examination.
Cryopreservation of the ovarian tissue with slow freezing method and thawing Cryopreservation was performed according to previous reports [10, 16, 18] . Ovarian cortical fragments were transferred from holding medium to cryopreservation medium contained with L-15 medium supplemented with 1.5 M DMSO (Fluka Chemie GmbH, Buchs, Spain) and 0.1 M sucrose for 5 min at 4°C. After exposure to the cryopreservation medium, tissue fragments were transferred into precooled cryovials (1.6-mL cryogenic vial; Corning, NY, USA) and remained at 4°C for a further 10 min. Then, the cryovials were moved to a passive cooling container (CoolCell; BioCision, Larkspur, CA, USA) to achieve the −1°C/min cooling rate and placed in an −80°C freezer. After 24 h, the cryovials were taken out of the freezer and immersed directly in liquid nitrogen.
Thawing was performed by immersing the vials in a 37°C water bath for 3 min. The thawed fragments were then rapidly placed into a first thawing medium containing L-15 medium with 0.75 M DMSO and 0.25 M sucrose at room temperature for 10 min and transferred to a second thawing medium containing L-15 with 0.25 M sucrose for 10 min.
Follicular viability assessment
The viability of tissue follicles was assessed by using calcein acetoxymethyl ester (CAM; Invitrogen, Life Technologies, Carlsbad, CA, USA)/ethidium homodimer-1 (EthD-1; Invitrogen) [18] . The staining was performed by transferring ovarian cortical fragments into a mixture of 2 μM CAM and 5 μM EthD-1 in the holding medium for 15 min in the dark. Stained follicles were examined under a fluorescence microscope (BX41; Olympus, Tokyo, Japan) at ×400 magnification. Preantral follicle with the oocyte and granulosa cells stained green by calcein was considered viable follicle, and follicle that has red staining of EthD-1 in the oocyte or granulosa cells was considered non-viable follicle. For each ovarian biopsy, ten random high-power fields were observed and pooled percentage of viable follicles was recorded.
Histological analysis and classification
Ovarian tissue fragments were fixed in 4 % paraformaldehyde and transferred to 70 % ethanol after 24 h. Tissue fragments were dehydrated in a graded series of ethanol solutions and embedded in a paraffin block. Each cortical piece was serially dissected into 4 μM sections and stained with hematoxylin and eosin. Tissues were examined and photographed under a microscope (BX41, Olympus) and microscope camera (SPOT RT3, Diagnostic Instruments, Inc., Sterling Heights, MI, USA). Follicles containing oocytes with a visible nucleus were observed and counted.
Classification of follicle morphology was performed according to a previous study [17] . Preantral follicles within the tissue with structural intact oocyte and granulosa cells were classified as normal. Abnormal follicles contained pyknotic, fragmented, or shrunken nucleus in the oocyte and/or the granulosa cells. The percentage of morphologically normal follicles was determined as the number of normal follicles divided by total follicles within the whole sections.
Follicle density was determined by the number of preantral follicles per area of 1 mm 2 of ovarian tissue section under the microscope imaging program (SPOT 4.0, Diagnostic Instruments, Inc., Sterling Heights, MI).
Mitochondrial membrane potential assessment
Mitochondrial membrane potential was assessed according to previous studies [19] [20] [21] . In brief, the tissue fragments were incubated with holding medium supplemented with 10 μg/mL rhodamine 123 (Invitrogen), a cell-permeable cationic dye that preferentially enters mitochondria based on a highly negative mitochondrial membrane potential. As a result, this phenomenon reflected the mitochondrial activity within the cell. Tissue fragments were stained at 37°C for 15 min and then washed out with holding medium. Tissues then were examined and photographed under a fluorescence microscope (BX41, Olympus) and microscope camera (SPOT RT3, Diagnostic Instruments Inc.) at ×200 magnification with the exposure of excitation signal of 485 nm and collected the emission signal at 520 nm. Parameters of the microscope camera settings were unchanged throughout the experiments. The intensity of rhodamine 123 staining was determined by using image analysis software (ImageJ; National Institute of Health, Bethesda, MD, USA). Regions of interest for each fragment were drawn according to the area of the tissue fragment to measure the fluorescence intensity. The intensity of the fluorescence signal was expressed as relative optical density (ROD) of tissue rhodamine 123 fluorescence emission and the background of the media with rhodamine 123, calculated by using the formula of ROD = OD specimen / OD background = log (GL blank / GL specimen ) / log (GL blank / GL background ), where GL is the mean gray level for the stained area (specimen) and background area and blank is the gray level measured after the slide was removed. All GLs were obtained by using dark background mode for fluorescence images. Parameters involved in fluorescence intensity, such as gain signal and pinhole size, were constant for all measurements performed. The tissue with high intensity of rhodamine 123 indicated the high mitochondrial membrane potential in the stained cells [22] .
Proliferation assessment
The protocol of granulosa cell proliferation by using Ki-67 immunostaining was adapted from a previous study [23] . After histological tissue preparation, sections were treated for antigen retrieval in an autoclave machine (121°C, 1.2 kg/cm 2 ) for 30 min in citrate buffer (pH = 6.0). Endogenous peroxidase activity was inhibited by incubating the tissue slides with 3 % (v/v) hydrogen peroxide in methanol for 10 min, then treated with normal horse serum for 30 min at room temperature. Tissue slides were incubated with monoclonal mouse anti-human Ki-67 antigen clone MIB-1 (DAKO, Glostrup, Denmark) in a humidified chamber at room temperature for 180 min. Afterwards, the slides were treated with anti-mouse made in horse secondary antibody at room temperature for 30 min. Detection was performed by using avidin-biotin complex (Vector, Vector Laboratories Inc., Burlingame, CA, USA) by incubating the tissue for 60 min at room temperature, followed by incubation with ImmPACT DAB (Vector) for 2 min at room temperature. Sections then were counterstained with Mayer's hematoxylin. PBS was used instead of Ki-67 antibody in negative controls. Preantral follicle with positive brown staining of DAB in at least one granulosa cell nucleus was classified as a proliferating follicle.
Experimental design
Short-term effect of FCCP exposure on cat ovarian tissue For each of the 12 replicates, pooled ovarian tissue fragments were obtained from two ovaries. Six tissue fragments were allocated to each experimental group. Tissue fragments were incubated in the culture medium supplemented with FCCP in the concentrations of 10, 40, and 200 nM in 4-well plates incubated at 38.5°C in 5 % CO 2 in humidified air. All groups were tested for viability and potential membrane after 10 and 120 min of incubation. The groups incubated with culture medium without FCCP were used as controls.
Long-term effect of FCCP pre-exposure after ovarian tissue culture up to 7 days Two ovaries were pooled in each replicate and processed for ovarian cortex isolation. The experiment was performed for 12 replicates. For each experimental group, ten cortical fragments were pre-exposed with FCCP (concentration and time according to the first experiment) before in vitro cultured. The ovarian tissue fragments were allocated to the experimental groups of various concentrations of FCCP (0, 10, 40, or 200 nM) for 2 or 7 days. When reaching the endpoint, the ovarian fragments were examined for follicular viability, mitochondrial membrane potential, histological analysis, and proliferation marker immunostaining. The groups preexposed with culture medium without FCCP were used as controls.
Cryopreservation of domestic cat ovarian tissue after pre-exposure with FCCP This final experiment was performed for 16 replicates. Twenty ovarian cortical fragments were allocated in each experimental group. The fragments were pre-exposed in the optimal conditions defined in the second experiment. At the end of culture, all tissues were washed out with the holding medium for 15 min before cryopreservation. The tissues were stored in liquid nitrogen. The thawed ovarian fragments were assessed for follicular viability, mitochondrial activity, histological analysis, and proliferation marker. The cryopreservation control group was the group of fresh tissues that have undergone freeze-thawing right after ovarian cortical fragment extraction, and the culture control is the group that was cultured for 2 days without FCCP pre-exposure before cryopreservation.
Statistical analysis
The percentage of follicular viability, the percentage of morphologically normal follicles, the follicular density, the percentage of the positive Ki-67 marker, and the mitochondrial membrane potential data were expressed as mean ± SD. Kolmogorov-Smirnov test was performed to evaluate the normal distribution of each dataset. The normal distribution data were evaluated by using general linear mixed models, and the data that did not pass the normal distribution test were evaluated by Kruskal-Wallis analysis of variance. Dependent variables included the percentage of follicular viability, percentage of morphologically normal follicles, follicle density, percentage of the positive Ki-67 marker, and mitochondrial membrane potential. The effect of treatments (concentrations and incubation durations of FCCP, concentrations and culture durations of FCCP, and FCCP culture duration prior to cryopreservation) was included in the statistical models as fixed effects. The animal identities and tissue number nested within the animal ID were included in the models as random effects. Significant differences were considered when P < 0.05.
Results
Immediate effect of FCCP incubation on mitochondrial membrane potential of the ovarian tissue and on follicle viability
The intensity of rhodamine 123 fluorescence was lower (P < 0.05) after 10-min incubation with 10 and 200 nM (1.26 ± 0.9 and 1.21 ± 0.08, respectively) than the control group (0 nM; 1.34 ± 0.11, Fig. 1a ), whereas it was unchanged (P > 0.05) with 40 nM (1.28 ± 0.09; Fig. 1a ). The percentage of viable follicle after 10-min incubation with 10 nM FCCP group was lower (64.0 ± 7.3 %; P < 0.05) than the control group (77.9 ± 8.4 %; Fig. 1b) . However, the percentage of viable follicle was not different (P > 0.05) after 10-min exposure to 40 and 200 nM (65.7 ± 24.8 and 76.6 ± 13.7, respectively; Fig. 1b) . After 120 min of incubation, the intensity of the rhodamine 123 fluorescence was lower with 200 nM (1.17 ± 0.09; P < 0.05) than in the control group (1.30 ± 0.12; Figs. 1a and 2d) . Interestingly, percentages of viable follicles were not modified by any of the 120-min exposures (62.2 ± 9.8, 74.1 ± 8.7, 75.3 ± 7.8, and 71.8 ± 11.7 in 10, 40, 200 nM, and control, respectively, Fig. 1b ). Based on those results, the 120-min exposure was selected for further explorations.
Reversible and beneficial effects of FCCP exposure on subsequent follicle integrity during in vitro culture of ovarian tissue
The fresh tissue tended to have a higher rhodamine 123 fluorescence intensity (1.37 ± 0.06) than the other groups (P < 0.1; Fig. 3a) . Same observation was made for the percentages of viable follicles in the fresh tissue (Fig. 3b) . After 120-min FCCP pre-exposures with various concentrations and 2 days of culture, the intensity of the rhodamine 123 fluorescence remained constant (1.29 ± 0.08, 1.29 ± 0.07, and 1.27 ± 0.07 for 10, 40, and 200 nM, respectively) and not different (P > 0.05) from the control group (0 nM; 1.31 ± 0.01; Fig. 3a) . Percentages of viable follicles with 10, 40, and 200 nM FCCP were higher (74.9 ± 6.0, 71.6 ± 7.1, and 78.8 ± 8.9, respectively; P < 0.05; Fig. 3b ) than the control group (0 nM; 61.2 ± 12.0). For the percentages of morphologically normal follicles, tissues cultured with 200 nM FCCP were able to maintain morphologically normal follicles for 2 days (57.6 ± 17.3; P > 0.05) even compared with fresh tissues (70.2 ± 7.1; Figs. 3c and 4b). However, the tissues treated with 10 nM FCCP, 40 nM, and the control (0 nM) tended to have lower percentages of normal follicles (53.6 ± 8.5, 51.9 ± 15.5, and 48.4 ± 11.5, respectively) than the fresh group (P < 0.1). Percentages of proliferating follicles in all 2-day FCCP-treated groups (ranging from 13.0 to 16.8 %; P > 0.05) were not different from the fresh tissue (18.8 ± 5.0 %; Fig. 3d) . Interestingly, the 2-day control tissues (0 nM) had percentages of proliferating follicles (8.0 ± 3.4 %; P < 0.05) than the fresh group but not lower than other 2-day treatment groups (P > 0.05). Regarding follicular density, tissues exposed to any FCCP concentration for 120 min were not different (ranging from 19.1 to 23.5 follicles per mm 2 ) from the fresh group (27.9 ± 10.0; P > 0.05). When comparing the follicular density in each follicular stage, primordial follicles were the majority of the follicles within the fresh (85.1 ± 14.2 %) and 2-day cultured tissues (ranging from 66.4 to 74.6 %; P > 0.05). After 120-min FCCP pre-exposures and 7 days of culture, the intensities of the rhodamine 123 fluorescence of the tissue with 10 and 40 nM FCCP were not different (1.24 ± 0.07 and 1.25 ± 0.06, respectively; P > 0.05) from the control group (0 nM; 1.27 ± 0.03; Fig. 3a) . With 200 nM FCCP, however, tissues had lower rhodamine 123 fluorescence intensity (1.22 ± 0.03; P < 0.05) than the control group (Fig. 3a) . Percentages of viable follicles in all FCCP-treated tissues were higher (54.2 ± 31.8, 63.9 ± 17.4, and 53.8 ± 22.1 % with 10, 40, and 200 nM FCCP, respectively; P < 0.05) than the control group (0 nM; 21.7 ± 21.3 %; Fig. 3b) . Percentages of morphologically normal follicles were not different after 7 days of culture (Fig. 3c) even if tissues treated with FCCP tended to contain higher percentages (34.7 ± 20.8, 25.8 ± 11.1, and 33.92 ± 17.3 in 10, 40, and 200 nM FCCP groups, respectively; P < 0.1) than the control group (0 nM; 13.2 ± 7.4, Figs. 3c and 4c, d) . All tissues had the same level of follicular proliferation except the group of 10 nM FCCP that had a lower percentage of proliferation follicles (1.7 ± 1.4 %; P < 0.05) than the control group (0 nM; 4.8 ± 1.5 %; Fig. 3d) . Notably, tissues exposed to 200 nM FCCP were the only group in this culture condition that had the same level of proliferation (8.8 ± 7.7 %) as the fresh group (P > 0.05; Figs. 3d and 5a, b) . The only tissue that had the same level of follicular density as the fresh group was the group of 200 nM (14.8 ± 10.1 follicles per mm Table 1 ). FCCP pre-exposure and culture for 2 days did not improve the overall mitochondrial activity of the ovarian tissue after cryopreservation (P > 0.05; Table 1 ). The percentage of viable follicles within the tissues pre-exposed with 200 nM FCCP and cultured for 2 days before cryopreservation was lower (P < 0.05) than the group without FCCP and cryopreserved control (Table 1 ) but remained at the relatively high level (>60 %). Percentages of proliferating follicles were decreased in all treatment groups compared to the fresh control (P < 0.05), but no detrimental effect of FCCP exposure was noted (Table 1) . Similarly, percentages of morphologically normal follicles were lower than the fresh and cryopreserved tissues (P < 0.05) regardless of the FCCP exposure (Table 1) . Preantral follicular density was unaltered in FCCP-treated group (P > 0.05) when compared to cryopreserved controls, 2-day culture control, or fresh tissues (Table 1) . Primary follicle density from ovarian tissues that were pre-exposed to 200 nM FCCP was not different (P > 0.05) from the cryopreserved control and 2-day culture control groups but was lower (P < 0.05) than in the fresh group (Table 1) .
Discussion
After identifying an optimal FCCP exposure for cat ovarian tissue (200 nM for 120 min), our data demonstrated that FCCP pre-exposure followed by 2 days of culture protected and enhanced the follicle integrity. Even though this pre-exposure did not exert a beneficial effect during cryopreservation, it was clearly shown that it was not detrimental to the ovarian tissue.
Regulation of the metabolic activity of the cells or tissues has been widely examined to minimize the effects of external stress stimuli [15, 24, 25] . These studies explored the downregulation of the cellular metabolism by regulating ATP synthesis that occurs in the mitochondria via the oxidative phosphorylation. However, excessive reactive oxygen species generated concomitantly through that process also deteriorate cell structures and cause DNA damages. Oxidative stress also generally happen at the time of ovarian excision, during transportation, culture, or even the cryopreservation procedure [26, 27] . Mild mitochondrial uncoupling has also been studied in vivo to increase the longevity of individuals. Specifically, 2,4-dinitrophenol-a proton ionophorewas able to lower serological glucose, triglyceride, and insulin levels in serum and decrease reactive oxygen species levels and tissue DNA oxidation [28] . Here, we examined the mitigation of freezing stress on the ovarian tissue and the enclosed follicles that are critical for fertility preservation strategies [29] [30] [31] . Knowing that slow freezing procedures have resulted in most of the reports of live birth in human ovarian tissue cryopreservation followed by grafting [2, 32, 33] , we investigated the cryopreservation method by using a protocol previously published [16] .
In the first part of this study, we investigated the concentration and duration of the FCCP in pre-exposure in the ovarian tissue fragments by assessing the changes in mitochondrial membrane potential and follicular viability. Our observations confirmed that FCCP can depolarize the mitochondrial membrane potential within minutes [15, 20] . Importantly, transient depolarization (or Bmild uncoupling^) of the mitochondrial membrane potential then can linger on for 30 min [15] or up to 72 h [19] . This phenomenon was shown to protect cells against toxicity [15] . However, higher concentrations of FCCP (1 μM or fivefold of the maximum concentration used in present study) can cause an irreversible depolarization of the mitochondrial membrane potential and result in the cell death after 24 h [34] . Follicular viability assessment showed that lower percentages of viability were obtained with 10 nM FCCP after 10-min incubation compared to 200 nM. This is consistent with reports showing that too low concentrations of FCCP can cause a detrimental hyperpolarization of the mitochondrial membrane [20] . Conversely, 100 nM FCCP for 30 min does not induce cellular damage [15] . All FCCP-treated tissues showed no difference in viability after longer incubations, but the viability in the 120-min control group (0 nM) had lower viability percentage than the 10-min control group. This clearly demonstrated that FCCP over the 120-min exposure had the potential to maintain the viability of the follicles within the ovarian tissue.
In the second set of experiments, in vitro culture of ovarian tissue was performed in order to better understand the effect of the FCCP pre-exposure in the cat ovarian tissues. The most significant result was a protective effect on preantral follicular viability at levels that were comparable to previous studies of multi-day culture in similar conditions [35] . After 2-day culture (except in the presence of 200 nM FCCP), percentages of morphologically normal follicles were lower within the tissue. This was not consistent with the observations of high and constant follicle viability, but the discrepancy (or overestimation of viable follicles) is frequently reported [17, 35] . Nevertheless, FCCP could not entirely protect the morphology of the tissues during in vitro culture. Even though apoptosis has been previously reported by our group after tissue culture [16] , other studies have shown that FCCP exposures do not impact that natural phenomenon [36, 37] .
Exposure to 200 nM FCCP had a protective effect on follicular density after 7 days of culture. This observation is similar to previous study of ovine ovarian tissue that found normal primordial follicle density after 6 days of culture [38] . Usually, a short period of 2 days is not enough to assess changes in the follicular density of follicular growth [38, 39] . However, the growth of follicles during the 7-day culture that we observed was in accordance with previous studies [40] .
Percentages of proliferating follicles after FCCP exposures seemed to be lower than the fresh control. This can be explained by the fact that FCCP depolymerizes microtubules through the disruption of the mitochondrial proton gradient (increasing the intracellular pH) and decreasing the stability of microtubules as well as disrupting the centriole orientation during the cell division [41, 42] . In the last set of experiments, the pre-exposure to 200 nM FCCP for 120 min followed by 2 days of culture was chosen as a possible treatment before cryopreservation. The mitochondrial activity of the ovarian tissue was decreased after cryopreservation which is in agreement with previous studies on reproductive cells [43] [44] [45] .
Follicular viability also was decreased after thawing which is similar to our previous study on cat ovarian tissue cryopreservation by using the same protocol [16] . Percentages of proliferating follicles were decreased in all cryopreserved tissues as well. This might be due to the impairment of the microtubule described in in vitro cultured or cryopreserved tissues in previous studies [46] . However, a former study reported better follicular proliferation after cryopreservation [47] . But, mild mitochondrial uncoupling has been shown to be detrimental to the cell proliferation [36, 48] which was consistent with the tissue pre-exposed to FCCP in the present study (only 6.4 proliferative preantral follicles per 1 mm 2 tissue). Interestingly, the density of preantral follicles in cryopreserved tissues (cryopreserved control, 2-day culture control, and FCCP treatment group) was not different from the fresh group. This was actually better than in other studies showing the lower follicular density after cryopreservation [49, 50] . However, the high variations reported in each treatment group of our study are difficult to minimize as they are likely due to the different follicular pool in each individual [51] . This is the first study reporting the use and benefit of FCCP pre-exposure to the cat ovarian tissue. FCCP does not appear to exert a beneficial effect during cryopreservation, but further investigations are required to better understand and eventually take advantage of the absence of detrimental effect. Tissue pre-exposure to FCCP therefore was encouranging, but next studies may involve the addition of insulin, anti-apoptotic drugs, or superoxide dismutase supplementation to enhance the beneficial effect [38, 52, 53] . It would also be worth of exploring the AMPK pathway that plays a critical role in the mild uncoupling process of the mitochondria, ATP production, and reactive oxygen species production [15, 20] . Lastly, the technique of mild mitochondrial uncoupling also is successful in vivo to decrease reactive oxygen species levels and DNA oxidation. Thus, it might be interesting to treat animals or humans before collecting the ovarian tissue for fertility preservation [28] .
